The groundwater level changes induced by the 1999 Chi-Chi earthquake were well recorded at the monitoring wells in and around the Choshui River alluvial fan, Taiwan, which is adjacent to the focal region. We analyzed the coseismic groundwater level changes related to the geological setting and seismic ground motion. In a typical fan area, the groundwater levels coseismically rose and those amplitudes increased as the ground acceleration and hydraulic conductivity became larger. In the slope area near the earthquake fault, the groundwater levels coseismically dropped and those amplitudes increased as the ground acceleration became larger. The liquefaction and permeability enhancement, whose degrees depend on the geological setting and seismic ground motion, might explain the characteristics of the coseismic groundwater level changes in the Choshui River alluvial fan.
Introduction
The groundwater level changes induced by earthquakes have been well reported in the historical records and precisely monitored for the last 20-30 years in China, Japan, the U.S.S.R. and the United States (e.g., Wakita, 1975; Roeloffs, 1988 Roeloffs, , 1996 . The study for the water-level changes is also important to some natural hazards related to earthquakes. Examples are landslides and debris flows after an earthquake, liquefactions of soil and groundwater pollution caused by mixing of radioactive wastes or other high-risk wastes (Carrigan et al., 1991; Inverson and Major, 1986; Todorovska and Trifunac, 1999) . Since the earthquakerelated groundwater level changes were scattered and rarely observed by a sufficiently dense network of observation wells, such studies have not been adequately developed.
On 21 September, 1999, a large earthquake with Mw 7.6 occurred near Chi-Chi in central Taiwan at 1:47 a.m. local time, and it was named the Chi-Chi Earthquake (Shin et al., 2000) (Fig. 1) . The Chi-Chi earthquake is a rare welldocumented event for earthquake-induced groundwater level changes together with abundant seismological data sets. The groundwater level changes induced by the Chi-Chi earthquake were first reported by the Water Conservancy Agency (2000) . Based on the hourly digital record of the water levels, the Agency reported that all the changes were coseismic or postseismic. Chia et al. (2001) describes the details of the groundwater level changes in hourly digital records and Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
analog records and compared the coseismic changes with the distances between the earthquake fault and observation wells. Wang et al. (2001) discussed the distribution of the coseismic groundwater level changes and tried to explain the groundwater level changes by liquefaction. This mechanism could partially explain the coseismic changes, but we think that it is insufficient to explain the spatial distribution of them.
In this study, we will compare the coseismic groundwater level changes with seismic ground motion and geological setting. The distributions of the coseismic changes in different places and aquifers will enable us to discuss the effect of the geological setting on the coseismic changes. Comparing them with the hydraulic conductivities and peak ground accelerations will also show how the seismic ground motion and geological setting affect the coseismic groundwater level changes.
Observation
The studied area was first divided into two parts. One part is a typical alluvial fan, and the other part is the slope area (Fig. 1) . In the slope area, which is composed mainly of terrace deposits or Pleistocene gravel layers, there are no clear boundaries for aquifers. The aquifers in the slope area have lower hydrological conductivities (Water Resources Bureau, 1999) than most of those in a typical fan (Table 1) .
The Choshui River alluvial fan is located on the west coast of central Taiwan (Fig. 1) , composed of alluvial to shallowmarine facies deposits in the age of Holocene to Pleistocene (Chen and Yuan, 1999) . The Choshui River alluvial fan has been considered to consist of four main aquifers divided by three aquitards (Water Resources Bureau, 1999). Due to the characteristics of alluvial sediments, most of these aquifers and aquitards are contacted in fingered shapes (Fig. 2) . The fine-grained sand, silt and mud became the aquitard between the coarse-grained sands and gravels. Layer 1 is mostly an unconfined or partial confined aquifer. Layer 2, which is also divided into layers 2-1 and 2-2, layer 3 and layer 4, have been considered to be partially confined or well confined (Hsu et al., 2000) . Since these layers' groundwater levels widely fluctuated by pumping, it is difficult to estimate strain sensitivities of the groundwater levels by the analysis of tidal or barometric responses.
The Choshui River alluvial fan is also divided into the upper-fan, middle-fan and lower-fan areas based on the difference of the hydrological and geological settings (Water Resources Bureau, 1999) . In the upper-fan area, the sediments are mainly composed of thick gravel layers with a high hydrological conductivity (Table 1 ). In the middle-fan area, the main constituents in the north and central parts ( Fig. 1 ) are thick sands and gravels with some silts and muds. The southern part of the middle-fan area is mostly composed of medium-to-fine-grained sands and silts. The lower-fan area is mainly composed of marine-facies silts and mud deposits, Fig. 1 . The cross-section shows the composition of hydrological units in the Choshui River alluvial fan, which is simplified from Hsu et al. (2000) .
but a few of the thin layers containing sands and gravels exist in the northern and central areas of the lower-fan. Those different geological settings reflected different hydrological conductivities of the aquifers in the studied area (Table 1) , which were measured before the 1999 Chi-Chi earthquake. The total number of observation wells in the studied area is 188, which are distributed at 73 stations (Water Resources Bureau, 1999) . Since some wells were not in operation and some wells lost records just before and after the Chi-Chi earthquake, we used the water level records at 168 wells in this study. Each well has a single screen in a single aquifer. The depths of the wells range between 15 and 306 m. The groundwater levels have been recorded on digital data loggers hourly or strip-chart analog recorders in a resolution of 5 minutes. The resolution of the water level data is 2 cm.
The Chi-Chi earthquake was well recorded by a dense network of three-component accelerators of Taiwan (Shin et al., 2000) . We estimated a peak ground acceleration (PGA) at each observation well using the records of 384 accelerator stations in the network by linear interpolation.
Results
The water level changes show both steplike and oscillatory patterns (Chia et al., 2001) . The oscillatory changes happen mostly in the shallow unconfined aquifers. In the deeper aquifers, the changes show a step-like pattern. The groundwater level very abruptly rises or falls within five minutes after the main shock (Chia et al., 2001) . Many large aftershocks followed the main shock especially after 2 o'clock on 21 September, 1999 and not all of the wells had the analog recorders. In order to discuss all the coseismic changes caused by the main shock under the same condition, we regard the hourly difference between 1:00 and 2:00 am on 21 September as a "coseismic change". These coseismic water level changes in the Choshui River alluvial fan widely ranged from −11.09 to 7.42 m (Fig. 3) .
For the shallow unconfined aquifers, the groundwater level rose back to the original level in a duration of 1 to 2 hours. But for the deeper aquifers or partially confined shallow aquifers, the duration ranges from 1 to 6 months. Some of the wells had permanent changes in the groundwater level of about several meters. This may probably depends on the properties of the aquifers. For example, the short recovery time for the unconfined aquifers is considered to show easier flow occurrence or quicker diffusion in the unconfined aquifer than that in the confined. The comparison of the coseismic changes with the distances between the observation wells and fault (Fig. 3) showed a certain pattern. The larger the coseismic rises became, the nearer the observation wells to the earthquake fault. But this tendency stopped at a distance of 10-20 km and the changes decreased after that. The coseismic changes dropped when the distances were smaller than 10 km. This pattern was also reported by Chia et al. (2001) . In addition, the coseismic changes in layer 1 showed a different pattern from the other layers. They had smaller coseismic rises than the other deeper layers but similar or larger coseismic falls (Fig. 3) .
It is interesting that the larger coseismic rises and falls made narrow zones, which were sub-parallel to the earthquake fault (Fig. 4) . Figure 4 shows that the coseismic rises and drops were observed mainly in the typical fan area and the slope area, respectively (Fig. 1) . There are clearly different coseismic changes between the northern, central and southern parts of the fan. In the northern and central parts, the coseismic rises are larger, although those in the southern part are smaller (Fig. 4 and Table 2) (Chia et al., 2001 ). This might be caused by a difference of the hydrological conductivities (Table 1) , which is also a reflection of the geological differences as described above, because larger hydraulic conductivities tend to produce bigger coseismic rises in the typical fan area (Fig. 5) . It is probably because larger hydraulic conductivity makes it easy to turn pore-pressure change in the layer into water-level change in the well. The reason is that groundwater flow between the layer and well actually makes the water level change in the well. At a few of the stations in the typical fan area, coseismic falls and rises were observed at different depths in the same station (Fig. 4) . In most cases, the coseismic drops in the layer 1 and rises in the other deeper layers were observed (Fig. 4) .
Discussion
A reverse faulting, which is a main characteristic of the Chi-Chi earthquake (Ma et al., 2001) , is generally expected to cause dilatation in the area in front of the fault if it reaches the surface (e.g., Iwasaki and Sato, 1979) . Therefore, the strain-induced groundwater levels are inferred to drop there. However, the groundwater levels in the Chusuishi alluvial fan in front of the Chi-Chi earthquake fault rose coseismically. Moreover, the area of liquefaction was found in the Choshui River alluvial fan , which would cause groundwater-level rises. Therefore, Wang et al. (2001) attributed the coseismic groundwater-level changes not to the coseismic volumetric strain changes but to the liquefaction. On the other hand, based on the distribution of coseismic strain changes calculated from the fault model of Ma et al. (2001) , which showed that the Choshui River alluvial fan was the coseismic contraction area contrary to the above usual sense, Lee et al. (2002) maintained that the coseismic groundwater level changes were caused by the coseismic volumetric strain changes. Koizumi et al. (2004) recalculated the coseismic volumetric strain changes from the fault model of Ma et al. (2001) and the result showed that the polarities of the recalculated ones were the reversal of Lee et al. (2002) and supported Wang et al. (2001) . Since the strong seismic motion over a certain threshhold tends to make the sediments dilate, Wang et al. (2001) also attributed the coseismic drops in the slope area, which is adjacent to the earthquake fault, to the strong seismic motion and ignored the effect of the fluid flow. However, since the preseismic or original gradient of the hydraulic head was very large in the slope area (Fig. 6) , it seems possible that immediate falls in the groundwater level at the slope area should be caused by groundwater flow induced by seismic permeability enhancement (Rojstaczer and Wolf, 1992; Sato et al., 2000) . As mentioned above, the coseismic changes in layer 1, which is almost unconfined, were smaller rises in the fan area and larger falls in the slope area. Since it can be explained by the effect of flow or diffusion, which is easier to occur in unconfined aquifers than in confined, we think that the effect of the fluid flow should exist. Several coseismic drops at the layer 1 in the typical fan area might also be caused by the effect of the local flow or diffusion.
Since both of the liquefaction and permeability enhancement are caused by seismic shaking, the coseismic groundwater changes should be closely related to the seismic ground acceleration under the same geological setting. The coseismic changes in all layers were actually closely related to the three-components (i.e. vertical, east-west and northsouth direction) of the acceleration. These changes in the deeper layers (layer 2-1, layer 2-2 and layer 3) and the vertical accelerations show a unique relationship (Fig. 7(a) ). This shows a similar pattern to that shown in Fig. 3 because the (Table 1 ) to the average coseismic groundwater level changes (Table 2) . For each layer, larger hydraulic conductivities tend to produce bigger coseismic rises in the typical fan area. acceleration is closely related to the distances between the wells and the earthquake fault ( Fig. 7(b) ). In the area of the coseismic rise, where the distance is larger than 10 km, the amplitudes of the coseismic rises are well related to the ground acceleration. This area is a typical fan area, where liquefaction easily occurred. In the coseismic drops in the slope area, where the distance is smaller than 10 km, the amplitudes of the coseismic drop seem to be well related to the ground acceleration. This slope area has thinner sediments than a typical fan area (Fig. 2) . Therefore the degree of liquefaction might be smaller. However, the degree of permeability enhancement might become larger because the basement, where the permeability enhancement happens more easily than in soft sedimentary layers, is shallower. The liquefaction in the fan area and permeability enhancement in the slope area caused by seismic shaking are considered to explain the pattern of those coseismic changes. In the boundary area between the typical and slope areas around the distance of 10 km, those relationships between coseismic changes and ground acceleration is not very clear because both factors of the liquefaction and permeability enhancement might work on the groundwater level in the boundary area.
Conclusion
In this study, we compare the coseismic groundwater level changes with seismic ground motion and geological setting. The results are as follows; (1) in the typical fan area, the coseismic rises became larger as the ground acceleration and hydraulic conductivity increased; (2) in the slope area, the coseismic falls became larger as the ground acceleration increased; (3) in fine-grained aquifers of the southern part, the coseismic changes were smaller. The liquefaction and permeability enhancement, whose degrees depend on the geological setting and seismic ground motion, might explain the characteristics of the coseismic groundwater changes in the Choshui River alluvial fan.
